Background The IMPROVE score is a validated venous thromboembolism (VTE) assessment tool to risk stratify hospitalized, medically ill patients based on clinical variables. It was hypothesized that addition of D-dimer measurement to derive a new IMPROVEDD score would improve identification of at risk of VTE. Methods The association of the IMPROVE score and D-dimer ! 2 Â the upper limit of normal (ULN) with the risk of symptomatic deep vein thrombosis, nonfatal pulmonary embolism, or VTE-related death was evaluated in 7,441 hospitalized, medically ill patients randomized in the APEX trial. Based on the Cox regression analysis, the IMPROVEDD score was derived by adding two points to the IMPROVE score if the D-dimer was ! 2 Â ULN. 
Introduction
Venous thromboembolism (VTE) is a major contributor to the global disease burden with an estimated incidence of 3.0 to 3.3 cases per 100 hospitalizations per year. 1 Hospitalized, medically ill patients represent a population with heterogeneous predisposition to VTE for which risk assessment is recommended prior to thromboprophylaxis. [2] [3] [4] However, existing risk assessment models (RAMs) may not adequately identify at-risk subsets, and risk stratification remains an ongoing challenge and imprecise science. 5, 6 D-dimer, a biomarker for fibrinolysis, has been associated with heightened VTE risk among patients hospitalized for an acute medical illness. [7] [8] [9] The International Medical Prevention Registry on Venous Thromboembolism (IMPROVE) VTE RAM has undergone extensive external validation in the medically ill population. 6, 10, 11 In this article, D-dimer was incorporated into the IMPROVE VTE RAM to derive the IMPROVEDD VTE risk score. 12 The model-based performance was tested in a cohort of hospitalized medical patients receiving primary pharmacologic prophylaxis. It was hypothesized that incorporation of the biomarker D-dimer would provide incremental prognostic value to the IMPROVE RAM in identifying patients at risk of developing symptomatic deep vein thrombosis, nonfatal pulmonary embolism, and VTE-related death.
Methods Study Design
The Acute Medically Ill VTE (Venous Thromboembolism) Prevention with Extended Duration Betrixaban Trial (APEX; ClinicalTrials.gov identifier: NCT01583218) was a randomized, double-blind, multinational clinical trial that compared extended-duration betrixaban (80 mg once daily for 35-42 days) to standard-duration enoxaparin (40 mg once daily for 10 AE 4 days) among hospitalized medical patients. 9, 13 Four principal enrollment criteria were as follows:
(1) hospitalization for acute medical illness, including heart failure, respiratory failure, infection, ischemic stroke, or rheumatic disorder; (2) age !75 years, age 60 to 74 years with D-dimer ! 2 Â the upper limit of normal (ULN), or age 40 to 59 years with D-dimer ! 2 Â ULN and history of VTE or cancer; (3) anticipated severe immobilization for ! 24 hours followed by moderate or severe immobilization for 3 or more days; and (4) anticipated hospitalization for 3 or more days. Serum samples for D-dimer were obtained at the time of screening and sent to the central laboratory for analysis using the quantitative STA Liatest D-Di immunoturbidimetric assay (Diagnostica Stago, Asnières-sur-Seine, France).
Endpoints were assessed at 42 and 77 days after randomization to approximate the 90-day endpoint from the original IMPROVE VTE RAM. All VTE events were adjudicated by an independent clinical events committee blinded to thromboprophylaxis allocation based on the documentation from the case report form, the narratives prepared by the study sites, and any other available supporting source documentation. The process of events adjudication occurred in two phases (Phase I and Phase II). Phase I review was conducted by two independent physicians. If the Phase I reviewers agreed in the adjudication of the event, the process was complete. If the Phase I reviewers did not agree, the event was submitted for adjudication by Phase II physician committee. In the Phase II meeting, each case was decided by majority rule of the Phase II reviewers. The enrollment period was from March 2012 to October 2015 and the follow-up of the last patient was completed in January 2016.
Statistical Analysis
All randomized patients fulfilling the enrollment criteria were included in the analyses. Baseline characteristics among patients with and without events were compared using the χ 2 test for categorical variables and the one-way ANOVA or Kruskal-Wallis test for continuous variables, as appropriate. Cumulative incidence of symptomatic VTE from randomization to 42 and 77 days was estimated by the Kaplan-Meier method. To test the association between D-dimer and VTE-related events, univariate and multivariate regression analyses evaluated variables included in the IMPROVE associative model (i.e., previous VTE, known thrombophilia, current lower-limb paralysis, current cancer, immobilized !7 days, intensive care unit (ICU) or coronary care unit (CCU) stay, and age >60 years). An additional sensitivity analysis that considered the confounding effect of thromboprophylaxis on this association was performed.
To determine the appropriate weight for D-dimer, the risk estimate of D-dimer relative to the per point increase in the IMPROVE score was calculated from the adjusted Cox proportional hazards model. Consequently, the IMPROVEDD score was calculated by adding two points to the IMPROVE score if the D-dimer level was ! 2 Â ULN. The model-based probability for the IMPROVE and IMPROVEDD score was estimated using logistic regression analysis. Metrics of model discrimination and reclassification were computed to assess the improvement in VTE predictability by the IMPROVEDD score, including area under the receiver-operating-characteristic curve (AUC), integrated discrimination improvement (IDI), and net reclassification improvement (NRI).
14 Model calibration was assessed by comparing the observed and predicted risk for 
Results

Baseline Characteristics
Patients who developed symptomatic VTE at 77 days were hospitalized longer and were more likely to have had a previous VTE, ICU or CCU stay, higher IMPROVE score, and D-dimer !2 Â ULN (►Table 1). Age, sex, race, weight, height, body mass index, creatinine clearance, and acute medical condition were balanced between patients with events and without events.
Risk Stratification by D-Dimer
Baseline D-dimer levels were measured in 7,235 patients. The risk for symptomatic VTE was significantly higher among patients with D-dimer ! 2 Â ULN compared with The observed and predicted risk for each IMPROVEDD score category is provided in ►Table 6. The rates were generally comparable in the two categories that comprise the majority of patients: IMPROVEDD scores of 1 (28.4%) and 3 (48.7%). Calibration of the IMPROVEDD score was suboptimal in the other categories: overestimation was noted in the score of 0 and ! 5, whereas underestimation was noted in the scores of 2 and 4. Decision curves of the IMPROVE and IMPROVEDD scores in VTE prediction at 42 and 77 days were shown in ►Figs. S1 and S2 (supplementary figures available in the online version only). With the VTE threshold of 1% that corresponds to the cutoff warranting pharmacologic prophylaxis, IMPROVE score is associated with minimal net benefit (0.002 at both 42 and 77 days) against the "treat all" strategy, whereas the use of IMPROVEDD score would avoid undue thromboprophylaxis in 15 and 11 per 100 patients, respectively.
Identifying At-Risk Patients by the IMPROVEDD Score
The American College of Chest Physicians 2 selected a cutoff corresponding to an event rate of ! 1% to dichotomize individuals as at-risk and in need of prophylaxis versus low-risk. Consequently, patients with an IMPROVEDD score of ! 2 were deemed as at-risk, whereas those with a score of 0 to 1 were deemed to be at low-risk (►Table 7 
Discussion
Incorporation of the quantitative D-dimer level, which increases as overall hypercoagulability increases, provides incremental prognostic value to the IMPROVE VTE RAM at 42 and 77 days. Incorporating D-dimer into the IMPROVE VTE risk score significantly improves VTE risk discrimination and reclassification. An IMPROVEDD score of !2 identified a subset of hospitalized, medically ill patients at a sustained, heightened symptomatic VTE risk through 77 days. VTE risk assessment for hospitalized patients has been associated with reduced morbidity, mortality, and incidence of hospital-acquired thrombosis. [16] [17] [18] To identify the at-risk population and to guide appropriate thromboprophylaxis among hospitalized patients, several RAMs have been developed using clinical parameters. Incorporation 
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of the most promising, well-validated, readily available markers for VTE prediction, particularly among cancer patients.
22 D-dimer has also been used in combination with gender and the location of VTE to predict recurrence after discontinuing anticoagulation. 23 This is the first study to demonstrate the complementary nature of combining a biomarker such as D-dimer with clinical variables for the risk stratification of hospitalized, medically ill patients.
Results from this study demonstrate that there is a spectrum of thromboembolic risk across the IMPROVEDD score categories, with a higher score indicating a greater VTE risk that persists beyond the course of hospitalization. At-risk patients, as identified by the IMPROVEDD score, may be appropriate candidates for extended thromboprophylaxis to minimize the risk of symptomatic VTE. With the intent of maintaining generalizability from the IMPROVE derivation cohort, the weights for each VTE risk factor were unchanged, and two points were added to the original score for patients with D-dimer ! 2 Â ULN. It is notable that adding D-dimer measurement to the IMPROVE score has been implemented in the enrollment criteria of an ongoing trial for preventing hospital-associated VTE (Medically Ill Patient Assessment of Rivaroxaban Versus Placebo in Reducing Post-Discharge Venous Thrombo-Embolism Risk [MARINER] ). 24 In the MARINER study, eligible patients (i.e., "high-risk" patients) must have a total modified IMPROVE VTE risk score of !4, or a risk score of 2 or 3 with a plasma Ddimer level of more than twice the ULN. The relative weight for D-dimer of ! 2 Â ULN is equivalent to two points when taken together with the IMPROVE VTE risk score and matches the rationale in this analysis. Furthermore, it supports the use of D-dimer measurement in conjunction with a standardized RAM for optimizing VTE risk assessment among acutely ill, hospitalized medical patients. However, although Incorporation of D-Dimer into the IMPROVE Score to Improve VTE Risk Stratification Gibson et al. e62
the incorporation of biomarker may enhance the performance of clinical RAM, it remains uncertain whether this refinement is clinically meaningful to warrant the additional complexity and expense. Future studies are therefore required to evaluate the practicability of IMPROVEDD score in the "real-world" setting.
Limitations
VTE risk factors encompassed in the analyses were not all inclusive. First, other previously described risk factors (e.g., myocardial infarction, chronic obstructive pulmonary disease, chronic kidney disease, and dyslipidemia) and Incorporation of D-Dimer into the IMPROVE Score to Improve VTE Risk Stratification Gibson et al. e63
biomarkers (e.g., prothrombin fragment 1 þ 2, soluble Pselectin, clotting factor VIII, and thrombin generation potential) may offer additional refinement in risk stratification among acutely ill, hospitalized medical patients. Second, small numbers of events in certain score categories may preclude an accurate calibration of the IMPROVEDD model. Also the lack of patients who were immobilized !7 days as a risk factor in the IMPROVE model may have altered the model characteristics. Nonetheless, the cutoff of an IMPROVEDD score of ! 2 demonstrated excellent discriminatory capacity in this population. Third, asymptomatic DVT was not included as a component of the outcome in the analysis. Fourth, it should be noted that D-dimer measurement could be influenced by the analytical methods and reporting standards from different laboratories. 25 Finally, the data were derived from a population that agreed to participate in a clinical trial. The results are applicable to patients who received primary prophylaxis with either standard-duration enoxaparin or extended-duration betrixaban and may not be generalizable to other settings.
Conclusion
Baseline D-dimer level demonstrated a robust, incremental prognostic value to the IMPROVE RAM in VTE risk stratification for medical patients. Strategies to improve VTE risk stratification should consider incorporation of D-dimer measurement into standard RAMs. An IMPROVEDD VTE risk score of two or greater identifies a subset of hospitalized, medically ill patients receiving thromboprophylaxis at a sustained, heightened risk for symptomatic VTE through 77 days. This population may potentially benefit from an extended course of thromboprophylaxis. Independent validation and impact analysis should be undertaken before employing the IMPROVEDD VTE risk score in clinical practice.
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